ABSTRACT Stem cells must preserve their function in order to sustain organ and tissue formation, homeostasis and repair. Adult stem cells, particularly those resident in tissues with little turnover, remain quiescent for most of their life, activating only in response to regenerative demands. Among the best studied long-lived quiescent stem cells are skeletal muscle stem cells, which are fully equipped to sustain repair in response to tissue trauma. Recent evidence indicates that the preservation of muscle stem-cell quiescence and regenerative capacity depends on intracellular networks linking metabolism and protein homeostasis. Here, we review recent research into how these networks control stem cell function and how their dysregulation contributes to aging, with a particular focus on senescence entry in extreme old age. We also discuss the implications of these new findings for anti-aging research in muscle stem-cell-based regenerative medicine.
Introduction
Aging is a major risk factor for human disease. The underlying causes of aging are now beginning to be understood, and researchers are beginning to construct an integrated view of the basic mechanisms underlying the aging process. Across species, aging compromises the structure and function of all adult tissues. The age-related decline in tissue function has been linked to the deregulation of several biological processes, referred to as hallmarks of aging (Kennedy et al., 2014 , Lopez-Otin et al., 2013 . Proper function of these processes is necessary to maintain tissue homeostasis throughout life. In metazoans, one of the mechanisms ensuring organismal homeostasis is tissue regeneration, sustained by tissue resident adult stem cells (Goodell and Rando, 2015) .
Stem cell function is central to tissue regeneration and is regarded as an important point of convergence for processes related to organismal aging (Sharpless and DePinho, 2007) . Stem cells are activated to promote cell replacement during normal tissue turnover and, critically, to avert tissue loss after injury and in disease. Although stem cell function is conserved across tissues and species, stem cell activity depends on the turnover of the host tissue (Bell and Van Zant, 2004, Jones and Rando, 2011) . In resting conditions, most stem cell types are found in a quiescent state, activating and expanding only in response to stress or injury in order to repair the damaged tissue. As animals age, defective stem cell function is detected in multiple organs. Although the functional consequences vary greatly depending on the host tissue, the molecular mechanisms underlying age-related decline in regenerative capacity are well conserved across species and tissues, suggesting the existence of common targets for intervention to improve regenerative capacity in the elderly (Neves et al., 2017) .
Aging of quiescent muscle stem cells
Skeletal muscle is a paradigm of tissue regeneration in a system harboring quiescent stem cells and with little remodeling and turnover. Tissue resident stem cells in skeletal muscle were first identified in the 1960s by electron microscopy (Mauro, 1961) and were named satellite cells due to their peripheral location beneath the myofiber basal lamina. Moreover, their chromatin structure and organelle composition suggested a mitotically and metabolically quiescent state of G0 cell-cycle reversible arrest. This muscle stem cell population is established early in development and is characterized by the expression of the paired box transcription factor Pax7 (Gros et al., 2005 , Kassar-Duchossoy et al., 2005 , Relaix et al., 2006 . During embryonic and postnatal development, satellite cells sustain muscle growth, contributing new myonuclei to developing myofibers. However, by post-natal week three, satellite cells become quiescent, a state that is maintained throughout life except in response to tissue injury and exercise (Snijders et al., 2009 , Yin et al., 2013 .
The satellite cell quiescent state is reversible, with satellite cells able to activate in response to specific stimuli; however, a subpopulation of activated satellite cells can transit back to the quiescent state, a capacity known as self-renewal that is essential for the maintenance of the stem cell pool (Dumont et al., 2015) . Satellite cell activation involves cell cycle entry, proliferation, differentiation, and fusion to form myofibers, and is essential for the replacement of damaged muscle tissue. The maintenance of reversible quiescence in satellite cells and their activation are thus essential for efficient tissue homeostasis and regeneration. In response to repeated injuries throughout life, reconstitution of the damaged tissue is coordinated with the maintenance of a healthy stem cell population that can continue to ensure optimal tissue homeostasis.
Aging diminishes the regenerative capacity of skeletal muscle in multiple ways, compromising recovery after injury. This age-related decline in muscle regenerative capacity has been attributed to a combination of extrinsic and intrinsic factors. Recent studies have strengthened earlier findings suggesting that defective muscle regeneration is driven by intrinsic pathways that coordinate metabolism, protein homeostasis (proteostasis), and senescence, especially in extreme old age. These changes in sarcopenic muscles are associated with a decline in muscle stem cell numbers and function; this decline, moreover, is linked to failed maintenance of reversible quiescence associated with cellular senescence and also to defects in differentiation and increased apoptosis (Chakkalakal et al., 2012 , Conboy et al., 2003 , Day et al., 2010 , Garcia-Prat et al., 2013 , Roth et al., 2000 , Shefer et al., 2006 , Sousa-Victor et al., 2015 , Wagers and Conboy, 2005 , Zammit et al., 2002 . Understanding the mechanisms that avert stem cell exhaustion during aging is therefore critical to devising strategies to improve regenerative capacity with aging. Recent evidence suggests that stem cell metabolic demands are coordinated with mechanisms that ensure cell fitness by preventing the accumulation of damaged proteins and organelles. This coordination is critical to maintaining satellite cell quiescence. Moreover, age-related changes in these processes are emerging as important contributors to age-related defects in muscle stem cell function (Garcia-Prat et al., 2017) . In this review, we focus on the importance of proteome homeostasis and metabolism dynamics in the preservation of stem cell fitness of quiescence, how dysregulation of these processes accounts for their age-associated regenerative decline, and how they can be manipulated to slow this decline.
Regulation of protein and organelle homeostasis in muscle stem cells
Maintenance of the quiescent state in stem cells requires basal surveillance mechanisms to preserve the quality of the proteome (proteostasis). As proteins are synthesized, chaperones facilitate their appropriate folding and localization; misfolded proteins accumulate in the cytoplasm and endoplasmic reticulum (ER), triggering the unfolded protein response (UPR) to promote cell survival (Hartl et al., 2011) . Further survival-supporting mechanisms involve the degradation of surplus or damaged proteins and organelles (Gidalevitz et al., 2011 , Powers et al., 2009 , Vilchez et al., 2014a , Vilchez et al., 2014b . Transition of satellite cells from quiescence to an activated state demands changes in protein composition, eliminating proteins involved in quiescence maintenance and supplying new proteins for cell-cycle progression. The quiescent state involves tight control of protein synthesis. Consistent with this, inhibition of the protein Dek, which promotes proliferative expansion through a mechanism involving miR-489, is required for the maintenance of muscle stem cell quiescence (Cheung et al., 2012) . Preservation of quiescence also requires phosphorylation of translation initiation factor eIF2a (P-eIF2a), which selectively represses translation. In mice, quiescent satellite cells that do not phosphorylate eIF2a (carrying a mutant eIF2a allele or deficient for the eIF2a phosphorylating kinase Perk) enter the cell cycle, but show defective self-renewal, which is detrimental for preservation of the muscle stem cell pool (Zismanov et al., 2016) . Inhibition of PERK in satellite cells also prevents myofiber regeneration in adult mice by affecting the survival and differentiation of activated satellite cells (Xiong et al., 2017) . The quiescent state is also protected by confinement of Myf5 myogenic commitment factor transcripts in RNA granules (Crist et al., 2012) . Perk and P-eIF2a regulate the UPR ER through the activation of C/EBP homology protein (Chop), transcription factor4 (Atf4), and the chaperone protein BiP, all of which are more abundant in quiescent satellite cells (Zismanov et al., 2016) . Additional studies have shown that ER stress and the UPR ER play a role in myogenesis in vitro (Acosta-Alvear et al., 2007 , Alter and Bengal, 2011 , Nakanishi et al., 2007 , Nakanishi et al., 2005 . To ensure proper maintenance, quiescent muscle stem cells have lower translation rates and more active stress response mechanisms than their more committed progeny; however, these stress response mechanisms are also needed for the response to injury and to ensure adequate stem cell expansion and function, and thus muscle regeneration.
Prominent among other proteostatic mechanisms required for quiescence maintenance is autophagy. Three types of autophagy occur in mammals: macroautophagy, microautophagy, and chaperone-mediated autophagy. In macroautophagy, referred to from here on simply as autophagy, a small portion of the cytoplasm is engulfed by an isolated membrane or phagophore, leading to the formation of a double-membrane vesicle called the autophagosome. The autophagosome then fuses with the lysosome, giving rise to an autolysosome in which materials inside the autophagosome (proteins or organelles) are degraded by lysosomal hydrolases (Mizushima and Komatsu, 2011) . Degraded products are then recycled and used to support cell function and homeostasis. Autophagy is thus both an essential response to nutrient deprivation and a cytoplasmic quality control mechanism. Despite its origin as a stress response, resting muscle stem cells have a baseline autophagy activity that is required for quiescence maintenance. In resting young satellite cells, genetic loss of Atg7, a protein crucial for autophagosome formation, results in damage to proteins and organelles. Consequently, damaged mitochondria accumulate and generate high levels of reactive oxygen species (ROS). Autophagyimpairment triggers entry into senescence (a state of G0 irreversible cell cycle-arrest) that blocks cell function. Neutralization of ROS in autophagy-impaired young satellite cells avoids senescence and improves stem cell functions (Garcia-Prat et al., 2016b) . Moreover, autophagy appears to be necessary for satellite-cell activation and subsequent myoblast differentiation, likely due to the high bioenergetic demands of these processes (Fiacco et al., 2016 , Fortini et al., 2016 , Tang and Rando, 2014 .
Metabolic regulation of muscle stem cells
Metabolism is the sum of two activities: anabolism and catabolism. Anabolism requires energy acquired from the hydrolysis of adenosine triphosphate (ATP) or nicotinamide adenine dinucleotide phosphate (NADPH) to generate nucleotides, lipids, proteins and other cell constituent molecules. Catabolism refers to the processes whereby molecules are degraded to generate energy to meet anabolic demands. Two metabolic processes are crucial to the regulation of cell function. In the cytoplasm, glycolysis converts glucose to pyruvate, generating 2 net ATP molecules per molecule of glucose. Oxidative metabolism is a more efficient pathway for ATP generation whereby cells in oxygen-rich environments use oxidative phosphorylation (OxPhos) in mitochondria to generate about 34 additional ATP molecules per glucose molecule by oxidizing pyruvate to acetyl coenzyme A (acetyl-CoA) in the tricarboxylic acid (TCA) cycle (Ryall et al., 2015a; Chandel et al., 2016) . Mitochondria also generate ROS, participate in amino-acid, lipid and nucleotide metabolism, and modify the net turnover of metabolites including NAD/NADH, AMP/ATP, SAM/SAH, and acetyl-CoA. These metabolites are important regulators of stem cell function, particularly epigenetic regulation, a subject that has been extensively reviewed elsewhere (Ryall et al., 2015a) .
Quiescent satellite cells have high mitochondrial activity, which may reflect their localization in aerobic niches near capillaries (Christov et al., 2007 , Ryall, 2013 . Muscle stem cells transit from mitochondrial fatty acid oxidation to glycolysis, a process known as metabolic reprogramming, during their transition to more activated myogenic states (Ryall et al., 2015a) . The switch to glycolysis may permit a faster increase in energy supply to meet the higher activation/differentiation requirements (Ryall et al., 2015a) . Satellite cell activation also induces autophagy, presumably to provide additional energy through increased catabolism (Tang and Rando, 2014) . Consistently, autophagy inhibition delays satellite cell activation, which can be partially rescued by exogenous delivery of pyruvate as an energy source, suggesting that autophagic flux is needed to generate sufficient energy for satellite cell exit from quiescence (Tang and Rando, 2014) . The same study reported that the NADdependent deacetylase SIRT1 regulates autophagy and found that lack of SIRT1 delays satellite cell activation (Tang and Rando, 2014) ; despite this, in another study the metabolic switch to glycolysis was shown to decrease SIRT1 activity, causing the premature differentiation of activated satellite cells (Ryall et al., 2015b) . The differences in outcome between these two studies likely reflect the different timing and methods used to evaluate satellite cell activation, as well as the different genetic systems used for SIRT1 ablation.
The broad modulation of gene expression required for satellite cell activation involves changes in chromatin structure and organization, which are in part under metabolic control (Ryall et al., 2015a) . The metabolic switch to glycolysis in activated satellite cells and the consequent lowering of NAD + levels are associated with depressed nuclear SIRT1 deacetylase-mediated acetylation of H4K16. Genetic ablation of the SIRT1 deacetylase domain in satellite cells results in increased H4K16 acetylation and premature differentiation, suggesting that SIRT1 might function as a metabolic sensor, linking bioenergetic changes to the epigenetic regulation of satellite cell fate decisions (Ryall et al., 2015b) . This idea is supported by the improved satellite cell function found in animals under caloric restriction. In mice, this metabolic intervention results in increased SIRT1 expression and enhanced function in transplantation experiments (Cerletti et al., 2012) . Satellite cell function is also improved by other interventions that increase NAD + levels, including direct treatment with the NAD + precursor nicotinamide riboside (Zhang et al., 2016) . Muscle stem cell function is also regulated by nutrient-sensing pathways. Maintenance of the satellite cell quiescent state does not require FoxO3a; however, during muscle regeneration, this transcription factor is critical for satellite cell self-renewal through the regulation of Notch signaling (Gopinath et al., 2014) . Furthermore, the master metabolic regulator AMPK controls satellite cell selfrenewal (Theret et al., 2017) , whereas the metabolic sensor Lkb1 is required for the maintenance of satellite cell quiescence (Shan et al., 2014) . Consistently, Lkb1-deficient satellite cells prematurely activate and differentiate due to loss of quiescence (Shan et al., 2014) . Lkb1 exerts a dual action, limiting satellite cell proliferation through the canonical AMPK/mTOR pathway and facilitating differentiation through phosphorylation of GSK-3B, a key component of the Wnt signaling pathway (Shan et al., 2014) .
The satellite cell quiescent state is composed of two distinct phases: a G0 and an "alert" phase called G A (which does not imply cell-cycle entry) (Rodgers et al., 2014) . Satellite cells can actively and reversibly transit between these phases in response to distant, injury-induced, systemic signals. Hepatocyte growth factor activator (HGFA) was recently identified as one such injury-regulated systemic signals in mice, sufficient to induce the transition of muscle stem cells to the G A state (Rodgers et al., 2017) . This state i) facilitates faster activation of satellite cells in response to muscle damage, ii) is characterized by larger cells and higher mitochondrial activity, and iii) is regulated by mTORC1 via a Met/HGF axis. Consistently, satellite cells from TSC1-deficient mice can transit to G A , whereas satellite cells from Raptor-deficient and cMet-deficient mice cannot. As a major nutrient sensor, protein synthesis regulator, and autophagy inhibitor, the mTOR pathway may interconnect the metabolic and proteostatic status of the satellite cell to preserve the quiescence state and its transition to activation.
Similar to most stem cell populations, satellite cells appear to be heterogeneous (Chakkalakal et al., 2012 , Kuang et al., 2007 , Rocheteau et al., 2012 . A satellite cell subset expressing high levels of Pax7 has a higher self-renewal capacity in transplantation experiments and is less primed for commitment, correlating with lower metabolic activity and mitochondrial activity, than the more myogenic subset of satellite cells with low levels of Pax7 (Rocheteau et al., 2012) . However, another study proposed elevated satellite cell mitochondrial activity as the cause of increased cell engraftment efficiency (Cerletti et al., 2012) . More research is therefore needed into the metabolic requirements and functions of quiescent satellite cell subpopulations.
Signaling pathways such as mTOR and FoxO regulate autophagy, mitophagy and metabolism, and may additionally control distinct quiescent stem cell states (G0 and alert states), thus supporting the existence of interconnections among nutrient sensing signaling cascades, proteostasis, and metabolism in adult quiescent stem cells.
Age-associated autophagic and metabolic changes in muscle stem cells: consequences for senescence entry
Stem cell exhaustion, cell senescence, dysregulated nutrient sensing, mitochondria dysfunction, and loss of proteostasis are 5 of the 9 hallmarks of aging covered in this review, contributing to age-related loss of regenerative capacity (Lopez-Otin et al., 2013) . Recent studies have established a hierarchical mechanistic relation between these age-related phenomena. The fundamental biological processes controlling satellite cell function are proteostasis, mitochondrial function, and nutrient sensing (Garcia-Prat et al., 2017) . During aging, the coordinated dysregulation of these processes results in geroconversion, characterized by accelerated entry into senescence in response to proliferative pressure, ultimately leading to stem cell exhaustion (Garcia-Prat et al., 2016b , Sousa-Victor et al., 2014a . Stem cell exhaustion is a determining factor in age-related loss of regenerative capacity, contributing to the aging process by accelerating chronic tissue damage due to inefficient repair (Blau et al., 2015 , Chandel et al., 2016 , Garcia-Prat et al., 2016c , Garcia-Prat et al., 2013 , Oh et al., 2014 , Schultz and Sinclair, 2016 , Schworer et al., 2016 , Sousa-Victor et al., 2015 . Indeed, age-related diseases such as cardiovascular and neurodegenerative diseases are associated with impairments to these same pathways (Lopez-Otin et al., 2013 , Lopez-Otin et al., 2016 . Impaired proteostatic activity is an important hallmark of age-related neurodegeneration, contributing to diseases, such as Alzheimer's, Parkinson's, and Huntington's disease, where neuronal cells become susceptible to protein and organelle aggregation with age (Guan et al., 2013) .
Quiescent stem cells, like differentiated cells, are non-dividing and therefore cannot eliminate their toxic organelles and protein aggregates during cell division. This property renders quiescent cells particularly susceptible to proteostatic stress and requires highly efficient proteome quality control mechanisms Macian, 2014, Garcia-Prat et al., 2016a) . In young satellite cells, basal autophagy sustains reversible quiescence by promoting proteostasis (Garcia-Prat et al., 2016b) , but over time there is an age-related decline in autophagic activity that contributes to elevated proteostatic stress due to defective lysosome clearance. An important consequence of this defect is the accumulation of damaged mitochondria due to inefficient mitophagy (elimination of mitochondria by autophagy), leading to elevated ROS levels. Interestingly, high ROS levels have been linked to the epigenetic derepression of the INK4A locus and consequent induction of the senescence-associated cell cycle inhibitor p16
INK4a
. In very old (geriatric) mice, p16 expression drives muscle stem cell senescence, leading to satellite cell exhaustion (Garcia-Prat et al., 2016b , Sousa-Victor et al., 2014a . A recent study suggests that the age-related decline in autophagy observed in muscle stem cells of mouse models is likely associated with the rewiring of rhythmic gene expression in old satellite cells, causing a disruption in the daily rhythmic oscillation of autophagy genes (Solanas et al., 2017) .
Senescence is a state of permanent cell cycle arrest and high metabolic activity associated with a secretory phenotype (SASP, senescence associated secretory phenotype) that can further influence tissue health (Munoz-Espin and Serrano, 2014) . Several studies report the accumulation of senescent cells in multiple tissues during aging and disease, and senescent cells are believed to further exacerbate tissue dysfunction (Collado et al., 2007 , Jeyapalan et al., 2007 , Jeyapalan and Sedivy, 2008 , Lechel et al., 2005 , Satyanarayana et al., 2003 , van Deursen, 2014 . Although the mechanism linking senescent cell accumulation with organismal aging is not completely understood, some studies have established that the elimination of senescent cells is beneficial for organismal health, reducing tumor incidence, delaying age-related loss of tissue function, and extending lifespan (Baker et al., 2016 , Chang et al., 2016 . Senescent cells can induce paracrine senescence in their neighbors (Acosta et al., 2013) , and this may be one of the mechanisms through which age-related dysfunction spreads. Moreover, the SASP may contribute to age-related diseases by driving pro-inflammatory signaling . Thus, it is possible that strategies aimed at eliminating SASP can also improve healthspan. However, cellular senescence and the SASP are also important for organismal homeostasis in young organisms. Senescence is an important tumor suppressor mechanism, is induced during development to promote tissue remodeling and during wound healing to promote wound closure, and facilitates in vivo cell reprograming after tissue injury (Chiche et al., 2017 , Collado et al., 2007 , Demaria et al., 2014 , Mosteiro et al., 2016 , Munoz-Espin et al., 2013 , Ocampo et al., 2016 , Storer et al., 2013 .
In skeletal muscle, satellite cell senescence has an important contribution for muscle aging (Sousa-Victor et al., 2014a) . As in other tissues, senescence in satellite cells is associated with increased expression of p16 cell cycle-inhibitor, resulting from the polycomb protein-regulated epigenetic de-repression of the INK4a locus. Increased p16 expression leads to decreased phosphorylation of retinoblastoma (Rb) protein and consequently to reduced expression of Rb/E2F-regulated proliferation-related genes. These molecular alterations prevent stem cell activation, expansion, and self-renewal during muscle regeneration and force satellite cells under regenerative pressure into senescence, driving muscle stem cell exhaustion and compromising efficient muscle regeneration (Sousa-Victor et al., 2014a , Sousa-Victor et al., 2014b . These alterations in satellite cell biology are only observed in very old (geriatric) animals, suggesting that they result from life-long accumulation of alterations that culminate in cellular senescence. Because stem cells are essential for efficient regeneration, elimination of pre-senescent satellite cells in geriatric animals may improve regeneration. Rather, muscle regenerative capacity in aging animals is more likely to be improved by strategies aimed at preventing or reversing the senescence state. Indeed, genetic ablation or repression of p16 expression can restore regenerative capacity in geriatric mice (Sousa-Victor et al., 2014a) . Moreover, muscle regenerative capacity was also restored by treatments that restore autophagy or counteract ROS, phenomena causally linked to the de-repression of the INK4a locus in geriatric satellite cells. A recent study in mice provided further evidence for the link between proteostatic pathway malfunction and age-associated stem cell senescence and regenerative failure, showing that deregulation of the mitochondrial unfolded protein response (UPR mt ) contributes to satellite cell senescence (Zhang et al., 2016) . The authors reported that mitochondrial dysfunction, controlled by NAD+, is a hallmark of old satellite cells. Importantly, treatment with the NAD + precursor nicotinamide riboside (NR) can rejuvenate satellite cells by inducing the UPR mt , improving mitochondrial function and preventing satellite cell senescence (Sousa-Victor et al., 2014a , Zhang et al., 2016 .
The aging process, including stem cell aging, is also strongly related to changes in nutrient sensing pathways. In particular, increased mTOR signaling is associated with aging in several model organisms and is one of the most conserved targets for interventions in old age. Consistently, mTOR inhibition can extend lifespan and delay age-related diseases. Caloric restriction can have similar effects in older organisms, and the beneficial effect is thought to rely in part on the preservation of stem cell function (Signer and Morrison, 2013) . Caloric restriction can preserve satellite cell function and enhance regenerative capacity in muscles from old animals, and these effects are accompanied by increases in mitochondrial content, oxygen consumption, and SIRT1 expression (Cerletti et al., 2012) . Interestingly, there is a high degree of cooperation between metabolic and proteostatic mechanisms in maintaining the reversible quiescence of satellite cells. Inhibition of mTOR with rapamycin can improve satellite cell function in vivo, at least in part by increasing autophagy and thus promoting proteome stability (Garcia-Prat et al., 2016b) . Another recent study suggested that proteostatic mechanisms also contribute to satellite cell senescence by affecting metabolic pathways (Baraibar et al., 2016) . The authors reported that replicative senescence of human satellite cells is associated with accumulation of oxidized and damaged proteins, driven by decreased proteasome activity. Affected proteins include those involved in quality control and glycolytic enzymes, resulting in impaired glucose metabolism and a metabolic shift toward the use of branched chain amino acids or long chain fatty acids as energy substrates in senescent satellite cells (Baraibar et al., 2016) .
Despite advances in anti-aging strategies, more studies are needed to decipher age-associated alterations perturbing muscle stem cell function in order to develop new treatments to improve health and longevity in humans.
Conclusion
Stem cells are among the most long-lived cells, and their functional decline is a major contributor to organismal aging and age-related diseases. Recent years have witnessed progress in our understanding of the aging process in stem cells from skeletal muscle, a paradigm of a low turnover tissue. quality control mechanisms and metabolic and sensing pathways emerging as major drivers of the blunting of regenerative capacity over time, particularly in the geriatric stage of life. At this life stage, dysregulation of these pathways has more dramatic consequences on satellite cells by provoking their entry into an irreversible senescence state (Fig. 1) . Better understanding of these intrinsic networks will not only shed light on stem cell biology, but will also point the way toward novel treatments to prevent age-associated regenerative decline in skeletal muscle. As far as possible, research into agerelated diseases and regenerative medicine should focus on life style interventions, such as diet, aimed at modulating proteostasis and metabolism without major negative effects.
